We report the discovery by the CoRoT satellite of a new transiting giant planet in a 2.83 days orbit about a V=15.5 solar analog star (M * = 1.08 ± 0.08 M ⊙ , R * = 1.1 ± 0.1 R ⊙ , T eff = 5675 ± 80 K). This new planet, CoRoT-12b, has a mass of 0.92 ± 0.07 M Jup and a radius of 1.44 ± 0.13 R Jup . Its low density can be explained by standard models for irradiated planets.
Introduction
Because of their special geometric configuration, a wealth of information can be learned about transiting extrasolar planets (e.g., Winn 2010), making them very important for our understanding of the vast planetary population hosted by our galaxy. They are the only exoplanets for which accurate measurements of the mass and radius are available. Furthermore, their atmospheric properties can be studied during their transits and occultations (e.g., Deming & Seager 2009 ).
More than 70 extrasolar planets transiting their parent stars are now known 1 , most of which having been discovered by dedicated photometric surveys. Among these, the CoRoT (Convection, ROtation, and planetary Transits) space mission (Baglin et al. 2009 ) stands out as a pionner project. Because of its excellent instrumental capabilities and its low Earth orbit, CoRoT can monitor the same fields of view with a very high photometric precision for up to five months. This makes possible the detection of planets that would be out of reach for groundbased surveys, as demonstrated for instance by its discovery of the first transiting 'Super-Earth' CoRoT-7b (Léger et al. 2009; Queloz et al. 2009) , and the first 'temperate' transiting gaseous planet CoRoT-9b (Deeg et al. 2010) .
We report here the discovery of a new planet by CoRoT, a 'hot Jupiter' called CoRoT-12b that transits a m V = 15.5 soSend offprint requests to: michael.gillon@ulg.ac.be ⋆ The CoRoT space mission, launched on December 27, 2006, has been developed and is operated by CNES, with the contribution of Austria, Belgium, Brazil , ESA (RSSD and Science Program), Germany and Spain. 1 See, e.g., Jean Schneider's Extrasolar Planet Encyclopedia at http://exoplanet.eu lar analog star. We present the CoRoT discovery photometry in Sec. 2. The follow-up, ground-based observations establishing the planetary nature of CoRoT-12b are presented in Sec. 3, while the spectroscopic determination of the parameters of the host star is described in Sec. 4. A global Bayesian analysis of the CoRoT and follow-up data is presented with its results in Sec. 5. Finally, we discuss the inferred properties of the CoRoT-12 system in Sec. 6. Table 1 presents the ID, coordinates and magnitude of This star is located in a field near the galactic anti-center direction, in the Monoceros constellation. It was monitored by CoRoT from October 24, 2007 to March 3, 2008 (CoRoT run LRa01; see Rauer et al. 2009, Carone et al. in prep.) .
CoRoT photometric observations
The transits of CoRoT-12b were noticed after 29 days by the so-called 'alarm mode' pipeline (Surace et al. 2008) . The timesampling was then changed from 512s, the nominal value, to 32s. The processed light curve (LC) of CoRoT-12 is shown in Fig. 1 . This monochromatic LC consists of 258 043 photometric measurements for a total duration of 131 days. It results from the processing of the raw CoRoT measurements by the standard CoRoT pipeline (version 2.1, see Auvergne et al. 2009 ), followed by a further processing (outliers rejection and systematics correction) similar to what is described by, e.g., and Alonso et al. (2008) . 47 transits of are present in the LC, 36 of them being found in its oversampled part. Some discontinuities are present in the LC. They were caused by energetic particles hits during the crossings of the South-Atlantic Anomaly by the satellite. A large jump of the measured flux (more than 5%) caused by the impact of a cosmic ray on the detector can also be noticed in the last part of the LC. The processed LC shown in Fig. 1 has an excellent duty cycle of 91%.
Despite that its CoRoT LC shows some kind of irregular variations with a peak-to-peak amplitude of 2.3%, CoRoT-12 appears to be a photometrically quiet star. Except for the transit signal (see below), the discrete Fourier-transform of the LC shows no clear periodicity over the noise level. The rotational period of the star cannot thus be constrained from the CoRoT photometry.
Periodic transit-like signals are clearly visible in the LC, as can be seen in Fig. 1 . Initial values for the orbital period P and transit epoch T 0 were determined by trapezoidal fitting of the transit centers, as described by Alonso et al. (2008) . The resulting values were T 0 = 2545398.6305 ± 0.0002 HJD and P = 2.82805 ± 0.00005 days. These values were used to schedule the ground-based follow-up observations (see next Section), and also as initial guesses for the global analysis presented in Sec. 5.
Ground-based observations
The following ground-based observations were performed to establish the planetary nature of CoRoT-12b and to better characterize the system.
Imaging -contamination
CoRoT has a rather poor optical resolution, so performing highresolution ground-based imaging of its fields is important, not only to assess the possibility that the eclipse signals detected by CoRoT are due to contaminating eclipsing binaries, but also to estimate the dilution of the eclipses measured by CoRoT caused by contaminating stars (see Deeg et al. 2009 for details) .
Imaging of the target field was undertaken with the 2.5m INT telescope during pre-launch preparations (Deleuil et al., 2009) and with the IAC80 telescope during candidate follow-up (Deeg et al. 2009 ). It found no nearby contaminating star that could be a potential false alarm source, i.e. that mimiks CoRoT's signal while being an eclipsing binary star (see Fig. 2 ).
Using the method describe by Deeg et al. (2009) , the fraction of contamination in the CoRoT-12 photometric aperture mask was estimated to be 3.3 ± 0.5%. It is mostly due to a 3.5 mag fainter star that is 8.5" SW. This small dilution was taken into account in our analysis presented in Sec. 5.
Radial velocities -spectroscopy
Four radial velocity (RV) measurements were obtained with the HARPS spectrograph (Pepe et al. 2002b , Mayor et al. 2003 on the 3.6-m telescope at ESO La Silla Observatory (Chile), on October 2008 (HARPS program 082.C-0120). These first data were made using the high efficiency mode EGGS in order to establish the planetary nature of the companion, showing a detectable and low-amplitude radial velocity variation in phase with the CoRoT ephemeris, with the shortest exposure time. Ten additionnal measurements were recorded with HARPS, from November 27, 2009 to February 05, 2010 . These newer data points were acquired using the high accuracy mode HAM to increase the precision of the RV measurements compared to the about 30 m s −1 of systematic errors of the high efficiency mode , and without simultaneous thorium (obj AB mode) in order to monitor the Moon background light on the second fiber B. Radial velocities were obtained from the HARPS spectra by computing weighted cross-correlation with a numerical G2 mask (Baranne et al. 1996; Pepe et al. 2002a) .
Sixteen spectra of CoRoT-12 were also acquired with the HIRES spectrograph on the Keck I telescope as part of NASA's key science project in support of the CoRoT mission. Differential RVs were computed from these spectra with the Austral code (Endl et al. 2000) . First, ten spectra were gathered during a transit of CoRoT-12b in January 2009. Unfortunately, the used set-up of the slit decker did not allow a proper subtraction of the sky background, leading to RV systematics with an amplitude of a few dozens m s −1 , so we decided to reject these data. Six other HIRES RVs were obtained between December 2009 and January 2010. For these six spectra, the set-up of the slit decker was changed, leading to a proper background subtraction.
Our HARPS and HIRES measurements are presented in Table 2 . An orbital analysis was performed treating the three sets of RV measurements (HARPS HAM, HARPS EGGS, and HIRES) as independent data sets with different zero point velocities. The orbital solution was made keeping the period and ephemeris fixed to the CoRoT values, but allowing the zero point offsets to be fit in a least square way. Fig. 3 shows the resulting orbital solution which is in phase with the CoRoT photometric signal. The resulting eccentricity (0.03 ± 0.13) was consistent with zero while the semi-amplitude was 124 ±15 m s −1 . Assuming a solar-mass host star, this semi-amplitude translates into a transiting object with a mass of about 0.9 M J . In Sec. 5 we present a revised orbit obtained using a global analysis.
The residual RVs were analyzed after removing the orbit to look for the possible presence of additional companions. No significant variations were found, but given the sparseness of the measurements we cannot exclude the presence of additional companions with a good confidence.
The HARPS cross-correlation functions were analyzed using the line-bisector technique (Queloz et al. 2000) . Fig. 4 shows the correlation between the bisector and RV measurements. The correlation coeffient of all the RV-bisector measurements, r, has a value of 0.56 with a probability 0.026 that the data is uncorrelated. Ostensibly this correlation looks to be significant, but we do not believe that to be the case as this correlation is largely driven by one outlier in the HARPS data and another EGGS measurement. When one examines only the HARPS data the coefficient drops to r = 0.47 with a probabilty of 0.15 that the data is uncorrelated. Removing one outlier point lowers the correlation coefficient to r = 0.32 with the probability of no correlation being 0.37.
We believe that the modestly high correlation coefficient may be an artifact of the bisector error being more than a factor of two larger than the RV measurement error and the paucity of measurements. To test this we generated fake bisector/RV data consisting only of random noise that was sampled the same way as the real data. The standard deviations of the fake measurements were consistent with the median error of the RV and bisector measurements. In approximately 40% of the cases the correlation coefficient of these random data had correlation coefficients at least as large as that of the real data. The RV-bisector correlation coefficient that we measure is consistent with random noise coupled with sparse sampling. This discards the possibility that the periodic signal detected in these RVs is caused by a blended eclipsing binary. Taking into account the fact that CoRoT-12 is a solar analog star (see Sect. 4), we interpret thus the eclipses detected in CoRoT photometry as transits of a new giant planet, CoRoT-12b. Table 2 . HARPS and HIRES radial velocity measurements for CoRoT-12. The HARPS RVs are absolute, while the HIRES RVs are differential (measured relative to a stellar template). The bisectors were not measured from the HIRES spectra.
Stellar parameters
Two master spectra were used to determine the atmospheric parameters of the star. The first of them was made by co-addition of the seven HARPS HAM spectra which were not strongly contamined by the Moon background light. The resulting master spectrum had a signal-to-noise ratio (SNR) about 40 in the continuum. The second master spectrum was obtained from the co- The methodology used to analyze these two master spectra was mainly based on the semi-automatic package VWA (Bruntt et al. 2002 (Bruntt et al. , 2008 (Bruntt et al. , 2010 , and is thoroughly described by Deleuil et al. (2008) and Bruntt et al. (2010) . The derived atmospheric parameters and elemental abundances are presented in Table 3 .
The Li I line at 670.78 nm was not detected in both master spectra, nor any hint of chromospheric activity. From this, the low rotational velocity measured in the spectra, and the low photometric variability noticed in the CoRoT LC, CoRoT-12 appears thus to be a quiet and slowly rotating solar analog star.
Using T eff and log g from the VWA spectroscopic analysis, we estimated the absolute magnitude M V ≃ 4.75 mag and colour excess E(J − K) ≃ 0.08 mag from the Allen's tables (Cox 2000) . We calculated the corresponding interstellar absorption A V ≃ 0.46 (using A V = (5.82 ± 0.1) × E(J − K) ; Cox 2000) , to estimate, with the V apparent magnitude, the distance of the star to be d = 1150 ± 85 pc. Table 3 . Stellar parameters and elemental abundances derived for CoRoT-12 from our VWA spectroscopic analysis.
Global analysis

Description
We performed a thorough global analysis of the CoRoT transit photometry and HARPS/HIRES RVs to get the strongest constraints on the system parameters. First, we cut the parts of the CoRoT LC located within 0.15 days of the transit mid-times deduced from the preliminary transit ephemeris presented in Sec. 2, getting thus 47 individual transit LCs. Considering their large number of measurements, we decided to stack the measurements of the 36 over-sampled transit LCs per 4, to speed-up our analysis. This binning did not affect our final precision on the system parameters, as the resulting folded LC (see Fig. 5 ) is still well sampled. Our analysis was done with the adaptative Markov Chain Monte-Carlo (MCMC) algorithm presented by Gillon et al. (2009; . MCMC is a Bayesian inference method based on stochastic simulations that samples the posterior probability distributions of adjusted parameters for a given model. Our MCMC implementation uses the Metropolis-Hasting algorithm (see, e.g., Carlin & Louis 2008) to perform this sampling. Our nominal model was based on a star and a transiting planet on a Keplerian orbit about their center of mass. More specifically, we used a classical Keplerian model for the RVs, while we modeled the eclipse photometry with the photometric eclipse model of Mandel & Agol (2002) multiplied by a baseline model consisting of a different fourth-order time polynomial for each of the 47 CoRoT time-series. The coefficients of these baseline models were determined by least-square minimization at each steps of the Markov chains (see Gillon et al. 2010 for details).
Our analysis was composed of a nominal MCMC run, followed by two other MCMC runs having different specificities that are described below and summarized in Table 4 . Each of the MCMC runs was composed of five Markov chains of 10 5 steps, the first 20 % of each chain being considered as its burnin phase and discarded. For each run, the convergence of the five Markov chains was checked using the statistical test presented by Gelman and Rubin (1992) .
The correlated noise present in the LCs was taken into account as described by Gillon et al. (2010) , i.e., a scaling factor was determined for each LC from the standard deviation of the binned and unbinned residuals of a preliminary MCMC analysis, and it was applied to the error bars (see also Winn et al. 2008) . For the RVs, a 'jitter' noise of 5 m s −1 was added quadratically to the error bars, this value being an upper limit for a quiet solartype star like CoRoT-12 (Wright 2005) . Practically, this low jitter noise has no impact on the posterior distributions of the system parameters, as CoRoT-12 is faint and the RV precision is photon noise/background contamination limited. For the four HARPS measurements obtained with the EGGS mode, a systematic error of 30 m s −1 was also added quadratically to the error bars (see Sec. 3.2) .
In all three MCMC runs, the following parameters were jump parameters 2 : the planet/star area ratio (R p /R s ) 2 , the transit width (from first to last contact) W, the parameter b ′ = a cos i/R * (which is the transit impact parameter in case of a circular orbit), the orbital period P and time of minimum light T 0 , the two Lagrangian parameters e cos ω and e sin ω where e is the orbital eccentricity and ω is the argument of periastron, and the parameter K 2 = K √ 1 − e 2 P 1/3 , where K is the RV orbital semiamplitude (see Gillon et al. 2009 Gillon et al. , 2010 . We assumed a uniform prior distribution for all these jump parameters. To take into account the small dilution of the signal due to contaminating stars (see Sec. 3.1), the jump parameters (R p /R s ) 2 was divided at each step of the MCMC by a number drawn from the distribution N(1.033, 0.005 2 ) before being used in the computation of the eclipse model.
We did not assume a perfectly circular orbit in any of our MCMC runs despite that a circular orbit is compatible with the results of our orbital analysis of the RVs (see Sec. 3.2). Indeed, most short-period planets could keep a tiny but non-zero eccentricity during a major part of their lifetime (Jackson et al. 2008) , so fixing the eccentricity to zero is not justified by tidal theory and could lead to overoptimistic error bars on the system parameters.
We assumed a quadratic limb-darkening law, and we allowed the quadratic coefficients u 1 and u 2 to float in our MCMC runs, using as jump parameters not these coefficients themselves but the combinations c 1 = 2 × u 1 + u 2 and c 2 = u 1 − 2 × u 2 to minimize the correlation of the obtained uncertainties (Holman et al. 2006) . To obtain a limb-darkening solution consistent with theory, we decided to use normal prior distributions for u 1 and u 2 based on theoretical values. Sing (2010) presented recently a grid of limb-darkening coefficients specially computed for the CoRoT non-standard bandpass and for several limbdarkening laws. We deduced the values u 1 = 0.47 ± 0.03 and u 2 = 0.22 ± 0.02 from Sing's grid for the spectroscopic parameters of CoRoT-12 and their errors (Table 3 ). The corresponding normal distributions N(0.47, 0.03 2 ) and N(0.22, 0.02 2 ) were used as prior distributions for u 1 and u 2 in our MCMC analysis.
At each step of the Markov chains, the stellar density deduced from the jump parameters, and values for T e f f and [Fe/H] drawn from the normal distributions deduced from our spectroscopic analysis, were used as input for the stellar mass calibration law deduced by Torres et al. (2010) from well-constrained detached binary systems 3 . Using the resulting stellar mass, the physical parameters of the system were then deduced from the jump parameters at each MCMC step. To account for the uncertainty on the parameters of the stellar calibration law, the values for these parameters were randomly drawn at each step of the Markov chains from the normal distribution presented by Torres et al. (2010) .
In our second MCMC run (labeled MCMC 2 in Table 4 ), we also used as data the parts of the CoRoT LC located within 0.2 days of the occultation mid-times deduced from the best fit transit ephemeris of our nominal MCMC run. The goal of this run was to obtain an upper limit for the depth of the occultation in the CoRoT photometry. For this run, the occultation depth was thus also a jump parameter.
Finally, we assessed the perfect periodicity of the transits of CoRoT-12b in our third run (labeled MCMC 3 in Table 4 ). For this run, a transit timing variation (TTV) was considered as jump parameter for each of the 47 transits. Obviously, the orbital period could not be determined unambiguously without any prior on these TTVs, so we assumed a normal prior distribution centered on zero for each of them. Practically, we added the following Bayesian penalty to our merit function:
where T T V i is the TTV for the i th CoRoT transit, and σ T T i is the error on its timing estimated by a preliminary individual analysis of this transit. Table 5 present the CoRoT-12 system parameters and 1-σ error limits derived from our nominal MCMC run (MCMC 1 ), and for the two other MCMC runs.
Results
Our MCMC analysis presents CoRoT-12b as an inflated Jupiter-mass planet (M p = 0.92 ± 0.07 M Jup , R p = 1.44 ± 0.13 R Jup ) transiting a solar analog star (M * = 1.08 ± 0.08 M ⊙ , R * = 1.1 ± 0.1 R ⊙ ). Using the stellar density deduced from our MCMC analysis (ρ * = 0.77 +0.20 −0.15 ρ ⊙ ) and the effective temperature and metallicity obtained from spectroscopy (Table 3) , a stellar evolution modeling based on the code CLES (Scuflaire et al. 2008) leaded to a stellar mass of 1.07 ± 0.10 M ⊙ , in excellent agreement with our MCMC result, and to a poorly constrained age of 6.3 ± 3.1 Gyr. It is also worth noticing that the two independent values obtained for the stellar surface gravity from our spectroscopic and global analysis are in good agreement (1.4 σ), indicating the good coherence of our final solution. Fig. 5 presents the period-folded CoRoT photometry binned per two minutes time intervals with the best fit transit model superimposed. The standard deviation of the residuals of this latter LC is 592 ppm, demonstrating the excellent quality of the CoRoT photometry.
Our results show that the limb-darkening coefficients u 1 and u 2 are poorly constrained by the CoRoT transit photometry, despite its good precision. Indeed, the posterior distributions of u 1 and u 2 are close to the prior distributions, indicating that the CoRoT data do not constrain these parameters much.
Our final precisions on the stellar and planetary masses and radii are not excellent (about 7% on the masses and about 10% T T V i∈ [1:47] Table 4 . Specificities of the three MCMC runs performed during our global analysis. See text for details on the radii), and more observations are required to thoroughly characterize this system. In this context, improving significantly the precision on the stellar density (about 20%) is desirable. Such an improvement could be achieved mostly through a better characterization of the orbital parameters e cos ω and e sin ω with more RV measurements (and possibly occultation photometry). Indeed, an new MCMC analysis assuming a perfectly circular orbit leads > 2 times smaller error bars on the planet's and star's radii. The characterization of the system would also benefit from an improved determination of the transit parameters with more high-precision transit photometry, if possible acquired in a redder bandpass (less significant limb-darkening).
The results of the run MCMC 2 show that the occultation of the planet is not detected in the CoRoT data. We can only put an upper limit on its depth (3-σ upper limit = 680 ppm).
As expected, the errors on T 0 and P are significantly larger for the run MCMC 3 , but the posterior distributions obtained for the other parameters agree well with ones of the other MCMC runs. The resulting TTVs are shown in Fig. 6 . No transit shows a significant timing variation. Still, the resulting TTV series seems to show a correlated structure. Fitting a sinusoidal function in this series leads to a best-fit period of about 24 epochs , i.e. of about 68 days. Nevertheless, the resulting false alarm probability is high, about 15%, indicating that this correlated structure is not very significant. Still, it is interesting to notice that, if we assume a rotational period of 68 days for the star and sin i = 1, and using R * = 1.1 R ⊙ , we obtain a value of 1.2 km s −1 for v sin i, in excellent agreement with the value derived from our spectroscopic analysis (see Table 3 ). In this context, a possible interpretation of the low-amplitude structure visible in the TTV series is that it is caused by the rotation of the surface of the star and its influence on the transit barycenters.
Discussion
The position of CoRoT-12b in a planetary mass-radius diagram is shown in Fig. 7 . While being denser than the extremely inflated planets WASP-17b (Anderson et al. 2010a ), TrES-4b (Mandushev et al. 2007 ) and WASP-12b (Hebb et al. 2009 ), CoRoT-12b appears to be a very low-density 'hot Jupiter'. Using the hypothesis that the planet is a core-less gazeous planet of solar composition, we used the planetary evolution code CEPAN (Guillot & Morel, 1995) to assess the ability of standard irradiated planet models to explain the low-density of CoRoT-12b. Several models were used: a standard model with no extra heat source, a model for which the opacities were artificially multiplied by 30, and three models with a constant energy deposit (10 26 , 10 27 and 10 28 erg.s −1 ) at the planet's center. Our results in terms of planetary size evolutions are shown in Fig. 8 . For recall, we constrain the age of the system to 6.3 ± 3.1 Gyr. Considering this age, the measured size of CoRoT-12b is in good agreement with all four evolution models. At most can we notice that an extra heat source and/or of larger opacities are favored by the data, but a more precise radius measurement is needed to conclude. In this context, it is worth noticing that the precision on the planet's radius is mostly limited by the precision on the orbital eccentricity and argument of periastron (see Sec. 5.2). It is thus desirable to obtain more RV measurements of the system. Better constraining the planet's orbital eccentricity would also make possible the assessment of its past tidal evolution and its influence on its energy budget (e.g., Ibgui et al. 2010) .
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